We investigated the mechanism of imipenem resistance in Enterobacter aerogenes strain 810, a clinical isolate from the United States for which the imipenem MIC was 16 g/ml and the meropenem MIC was 8 g/ml. An imipenem-susceptible revertant, strain 810-REV, was obtained after multiple passages of the strain on nonselective media. For the revertant, the imipenem MIC was <1 g/ml and the meropenem MIC was <0.25 g/ ml. Cefepime MICs also decreased from 8 to 1 g/ml; however, the MICs of ceftazidime (>128 g/ml), cefoxitin (>32 g/ml), and cefotaxime (>64 g/ml) remained the same. The ␤-lactamase and porin profiles of the parent, the revertant, and carbapenem-susceptible type strain E. aerogenes ATCC 13048 were determined. Strains 810 and 810-REV each produced two ␤-lactamases with pIs of 8.2 and 5.4. The ␤-lactamase activities of the parent and revertant were similar, even after induction with subinhibitory concentrations of imipenem. While 810-REV produced two major outer membrane proteins of 42 and 39 kDa that corresponded to Escherichia coli porins OmpC and OmpF, respectively, the parent strain appeared to produce similar quantities of the 39-kDa protein (OmpF) but decreased amounts of the 42-kDa protein (OmpC). When the parent strain was grown in the presence of imipenem, the 42-kDa protein was not detectable by gel electrophoresis. However, Western blot analysis of the outer membrane proteins of the parent and revertant with polyclonal antisera raised to the OmpC and OmpF analogs of Klebsiella pneumoniae (anti-OmpK36 and anti-OmpK35, respectively) showed that strain 810 expressed only the 42-kDa OmpC analog in the absence of imipenem (the 39-kDa protein was not recognized by the anti-OmpF antisera) and neither the OmpC nor the OmpF analog in the presence of imipenem. The OmpC analog is apparently down-regulated in the presence of imipenem; however, 810-REV expressed both OmpC and OmpF analogs. These data suggest that imipenem resistance in E. aerogenes 810 is primarily associated with the lack of expression of the analogs of the OmpC (42-kDa) and OmpF (39-kDa) outer membrane proteins, which also results in decreased susceptibility to meropenem and cefepime.
Enterobacter aerogenes is a major cause of health care-associated infections throughout the world (9, 15, 17, 27, 29) . E. aerogenes strains isolated from hospitalized patients generally exhibit resistance to a variety of broad-spectrum antimicrobial agents, including ␤-lactams (1, 2, 25, 27) . Resistance to ␤-lactams is usually a result of ␤-lactamase production or alteration of porins (5, 6, 8) , but it may be due to modification of the target site (the penicillin binding proteins) or drug efflux (19) . Carbapenems often have been used to treat infections caused by multidrug-resistant E. aerogenes strains; however, resistance to carbapenems is starting to emerge (11, 13) . The mechanism of carbapenem resistance is often a combination of specific carbapenemase production and alteration of porins (3, 31) . Carbapenem resistance due to lipopolysaccharide alterations has also been reported in E. aerogenes (18) . Recently, it has been shown that the mar operon of E. aerogenes is involved in the multidrug resistance phenotype (7) .
The goal of this study was to characterize the mechanism of carbapenem resistance in E. aerogenes strain 810. In addition, we sought to explain why the outer membrane protein (OMP) profiles differed when the strain was grown in the presence and absence of imipenem. Our results suggest that analysis of OMPs exclusively by gel electrophoresis can provide misleading results and that Western blotting with anti-OmpF and anti-OmpC antisera is critical to understanding the role of OmpF and OmpC analogs in carbapenem resistance.
MATERIALS AND METHODS
Bacterial strains. Carbapenem-resistant E. aerogenes strain 810 was obtained from a laboratory in Michigan participating in Project ICARE (Intensive Care Antimicrobial Resistance Epidemiology) (14) . E. aerogenes ATCC 13048 (type strain), a carbapenem-susceptible isolate, was obtained from the American Type Culture Collection (Manassas, Va.) and was used as a control for porin profiles.
Antimicrobial susceptibility testing. Organisms were tested by broth microdilution with Mueller-Hinton broth (BD Biosciences, Sparks, Md.) as described in NCCLS document M7-A5 (23) and by disk diffusion with Mueller-Hinton agar (Difco Laboratories, Detroit, Mich.) as described in NCCLS document M2-A7 (22) . Escherichia coli ATCC 25922, Enterococcus faecalis ATCC 29212, Klebsiella pneumoniae ATCC 700603, and Pseudomonas aeruginosa ATCC 27853 were used for quality control.
IEF of ␤-lactamases. Crude cell lysates were prepared by a previously described freeze-thaw procedure (30) . Isoelectric focusing (IEF) was performed as described by Matthew and Harris (20) . Cell extracts were loaded onto commer-cially prepared PAG plates (pH 3.5 to 9.5; Pharmacia LKB, Piscataway, N.J.) and electrophoresed to equilibrium with an LKB Multifor II apparatus (Pharmacia LKB). ␤-Lactamases were visualized by staining the IEF gel with a 0.05% (0.96 mM) solution of nitrocefin (BD Biosciences). The isoelectric points were calculated by comparison to those of TEM-12 (pI 5.25), TEM-10 (pI 5.6), SHV-3 (pI 7.0), SHV-18 (pI 7.8), SHV-5 (pI 8.2), and MIR-1 (pI 8.6). Parallel gels were overlaid with a solution containing 100 g of cloxacillin (Sigma-Aldrich) per ml prior to staining with nitrocefin to block the actions of AmpC ␤-lactamases (28) . Inhibition assays were also performed in microtiter plates by adding cloxacillin to cell lysates prior to the addition of nitrocefin.
Examination of porin genes and porin expression. OMPs were isolated as described by Rasheed et al. (26) , except that 2% Triton X-100 was used for extraction of OMPs. Protein concentrations were determined with the bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, Ill.) as described by the manufacturer. The OMPs were examined with several gel electrophoresis systems in an attempt to optimize differentiation of the OmpC and OmpF analogs. The systems included two types of Tris-glycine-sodium dodecyl sulfate (SDS) linear gradient gels (Invitrogen, Carlsbad, Calif.), 4 to 16% and 4 to 12%, as described by the manufacturer, and 10% and 4 to 12% NuPAGE gels with morpholinepropanesulfonic acid buffer, as described by the manufacturer (Invitrogen). The gels were visualized by staining with Coomassie blue R250.
Western blotting of porins was performed as follows: proteins from 4 to 12% Tris-glycine-SDS gels or 10% NuPAGE gels were transferred to Immobilon-P filters (Millipore) (12, 16) . The filters were blocked with 1% bovine serum albumin in phosphate-buffered saline (PBS). After they were washed, the filters were incubated with a 1:100 dilution of polyclonal anti-OmpK36 (analog of OmpC) or polyclonal anti-OmpK35 (analog of OmpF) antibody (12, 16) (the antibodies were the generous gift of S. Alberti, Madrid, Spain) and then with a 1:5,000 dilution of alkaline phosphatase-labeled goat anti-rabbit immunoglobulin G (Sigma). The filters were developed as described by the manufacturer. All incubations were carried out at room temperature for 1 h in 1% bovine serum albumin-0.05% Tween 20-PBS, and after incubation with the antiserum, the filters were washed with 0.05% Tween 20-PBS.
␤-Lactamase activity determinations and ␤-lactamase inactivation assays. ␤-Lactamase activity was determined with extracts obtained from cultures of the parent and revertant strains that were grown in the absence and presence of a subinhibitory concentration of imipenem (i.e., one-fourth the MIC of imipenem for the parent and the revertant) and lysed by a freeze-thaw procedure (4, 30) . Hydrolysis of 50 M nitrocefin was measured spectrophotometrically (SpectraMax Plus microplate spectrophotometer; Molecular Devices, Sunnyvale, Calif.) at 25°C in 0.1 M phosphate buffer (pH 7.0) at 482 nm for 10 min. The total protein concentration was determined by using the BCA protein assay kit (Pierce), and activity was reported in nanomoles of nitrocefin hydrolyzed per minute per milligram of protein (32) .
In order to determine whether resistance to imipenem, ceftazidime, cefepime, cefotaxime, ceftriaxone, and piperacillin was due to production of a ␤-lactamase, a disk diffusion bioassay was performed. A suspension of E. coli DH5␣ equivalent to a 1.0 McFarland standard was inoculated onto a Mueller-Hinton agar plate as for disk diffusion (22) . Then, antimicrobial agent disks were applied and were evenly spaced on the plate. Ten microliters of crude IEF lysate was used to make a 15-mm streak on each side of one imipenem, ceftazidime, cefepime, cefotaxime, ceftriaxone, and piperacillin disk (the lysate for the piperacillin disk was inoculated at a right angle) on the periphery of the plate. The plates were incubated at 37°C for 18 to 20 h. Alterations in the shapes of the zones of inhibition around the disks indicated ␤-lactamase or carbapenemase activity. Negative controls for carbapenemase production included E. aerogenes ATCC 13048.
DNA sequence analysis. Amplification and sequence analysis of bla TEM-1 DNA were performed as previously described by Rasheed et al. (26) .
RESULTS
Antimicrobial susceptibility testing. The MICs of a variety of antimicrobial agents for E. aerogenes strain 810, the strain 810 revertant (strain 810-REV), and E. aerogenes ATCC 13048 are shown in Table 1 . By using the interpretive criteria of NCCLS (23), strain 810 was resistant to imipenem and intermediate to meropenem; the MICs were 16 and 8 g/ml, respectively. The isolate was also resistant to cefpodoxime, ceftazidime, cefotaxime, and ceftriaxone and showed borderline susceptibility to cefepime and aztreonam (MICs, 8 g/ml for both drugs). The MICs of ceftazidime, cefotaxime, ceftriaxone, cefpodoxime, and cefepime did not decrease when they were tested in combination with clavulanic acid, indicating that 810 probably did not contain an extended-spectrum ␤-lactamase. The MICs of cefepime (0.5 g/ml), meropenem (Յ0.25 g/ ml), and imipenem (1 g/ml) were lower for the revertant 810-REV (the revertant was isolated after five passages on nonselective medium) and approximated those for carbapenem-susceptible E. aerogenes type strain ATCC 13048.
Carbapenem resistance is not associated with production of ␤-lactamase. IEF of E. aerogenes parent strain 810 revealed two ␤-lactamases with pIs of 8.2 and 5.4 (Fig. 1) . Imipenemsusceptible revertant 810-REV also produced two ␤-lactamases with pIs of 8.2 and 5.4 (Fig. 1) . Overlaying of the IEF gel with 100 g of cloxacillin per ml blocked the hydrolysis of nitrocefin by the ␤-lactamase of pI 8.2 but not the activity of the ␤-lactamase of pI 5.4, indicating that the pI 8.2 enzyme is likely an AmpC enzyme (data not shown). Amplification of DNA from strain 810 with bla TEM -specific PCR primers, followed by DNA sequence analysis, confirmed that the ␤-lactamase with the pI of 5.4 was TEM-1.
In order to determine whether carbapenem resistance could be attributed to production of one of these ␤-lactamases, a disk diffusion inactivation assay was performed (Fig. 2) . Alterations of the zones of inhibition around cefotaxime, ceftriaxone, and piperacillin disks were observed for strains 810 and 810-REV; however, the zones of inhibition around the imipenem, cefepime, and ceftazidime disks were not affected. This indicates that ␤-lactamase production was not responsible for imipenem resistance in 810. It is unclear why ceftazidime was not more clearly inactivated. ␤-Lactamase activity was measured in extracts of the parent and revertant strains grown in the presence and absence of imipenem. Activity in the parent strain varied from an average of 155 nmol of nitrocefin hydrolyzed/min/mg of protein in uninduced extracts to an average of 284 nmol of nitrocefin hydrolyzed/min/mg of protein in induced extracts, a 1.8-fold increase. After induction there was a corresponding increase in the imipenem MIC for the parent strain from 8 to 16 g/ml. The ␤-lactamase activity of revertant strain 810-REV ranged from an average of 236 nmol of nitrocefin hydrolyzed/min/mg of protein in the uninduced extracts to 365 nmol of nitrocefin hydrolyzed/min/mg of protein in the induced extracts (a 1.6-fold increase); no change in the imipenem MICs for the strain was observed. These data suggest that the contribution of the AmpC ␤-lactamase to the carbapenem resistance phenotype was minimal.
Analysis of OMPs. Since the MICs of imipenem, meropenem, and cefepime were much lower for the imipenemsusceptible revertant than for parent strain 810 and resistance did not appear to be ␤-lactamase mediated, we examined strains 810 and 810-REV for alterations in OMP expression and compared their OMP expression to the OMP expression of E. aerogenes type strain ATCC 13048 ( Fig. 3 and 4) .
The OMPs were analyzed on three different commercially available gel systems to determine which gel system produced the optimal resolution of the protein patterns. The results obtained with the gel systems used are shown in Fig. 3 .
Imipenem-susceptible revertant 810-REV demonstrated two major OMPs of 42 and 39 kDa, which were presumed to be the OmpC and OmpF analogs, respectively (Fig. 3) . Strain 810 grown in the absence of imipenem produced two possible OMPs of 42 and 39 kDa, although the level of production of the 42-kDa protein was apparently lower than that in 810-REV. However, when strain 810 was grown in the presence of imipenem, it apparently produced only a 39-kDa OMP; the 42-kDa protein was not visible on the gel (Fig. 3 and 4) . By contrast, ATCC 13048 produced four possible OMPs of 45, 42, 41, and 38 kDa (Fig. 3) .
To determine whether the 42-and 39-kDa proteins of 810-REV were OmpC and OmpF analogs, we prepared Western blots of the OMPs using two different gel systems and analyzed them using polyclonal anti-OmpK36 (OmpC analog) and polyclonal anti-OmpK35 (OmpF analog) antisera raised against K. pneumoniae OMPs. The anti-OmpK35 (OmpF) antiserum reacts with OmpK35 and cross-reacts with OmpK36 (OmpC) (16) , while the anti-OmpK36 antiserum reacts only with OmpC analogs. Two bands of 38 and 41 kDa, corresponding to OmpF (OmpK35) and OmpC (OmpK36), respectively, were identified in ATCC 13048 (Fig. 4A) . Western blot analysis of the OMPs of the parent and revertant with anti-OmpK36 and anti-OmpK35 antisera showed that 810 expressed only the 42-kDa OmpC analog in the absence of imipenem (the 39-kDa protein was not recognized by either the anti-OmpF or antiOmpC antisera) and neither the OmpC nor the OmpF analog in the presence of imipenem (Fig. 4B and C) . The apparent 39-kDa protein observed by polyacrylamide gel electrophoresis may be a derivative of the OmpF analog that is no longer functional as a porin (Fig. 4B) . The OmpC analog is apparently down-regulated in the presence of imipenem. Strain 810-REV expressed both OmpF and OmpC analogs (Fig. 4) . These data suggest that imipenem resistance in 810 is primarily associated with the lack of expression of the analogs of OmpC (42 kDa) and OmpF (39 kDa), which also results in decreased susceptibilities to meropenem and cefepime.
DISCUSSION
E. aerogenes is a common gram-negative pathogen which causes health care-associated infections worldwide (15, 24, 29) .
Over the last 5 years, multidrug-resistant strains of E. aerogenes have caused outbreaks in a number of intensive care units around the world (1, 9, 25) . Carbapenems, such as imipenem and meropenem, often are used to treat multidrug-resistant isolates of Enterobacter, especially those producing extendedspectrum ␤-lactamases (11, 25) . However, a significant increase in the frequency of carbapenem resistance for E. aerogenes has been observed (13, 31) , complicating therapy of these infections.
Our data suggest that alteration of both the OmpF and OmpC porin analogs is primarily responsible for the imipenem-resistant phenotype of E. aerogenes 810. Similar observations regarding the role of porins in imipenem resistance in E. aerogenes were reported by Bornet et al. (3) . We were able to obtain an imipenem-susceptible revertant of 810 by subculturing the organism five times on nonselective medium. Examination of the porin profiles on gels suggested that the resistant phenotype was due to the change of a single porin, OmpC. However, Western blotting with antisera that recognize OmpC and OmpF indicated that both porin analogs are involved. The OMP presumed to be OmpF in strain 810 did not react with anti-OmpK35 antisera. Thus, this 39-kDa protein may or may not have been related to the original OmpF analog, but if it was, it clearly lost not only its antigenicity but also its functionality. Thus, confirmation of the presence of the specific OMP analogs by Western blotting was critical to deciphering the roles of the OMPs in the phenotypes of the parent and the revertant.
The parent and revertant isolates were also highly resistant to extended-spectrum cephalosporins, presumably due to production of the chromosomal AmpC ␤-lactamase. The cefepime and meropenem MICs were also elevated for E. aerogenes 810, but this was likely due to the change in porin expression rather than ␤-lactamase production. The role of the AmpC ␤-lacta- mase in increased imipenem resistance in the revertant isolate, based on the results of ␤-lactamase assays, appeared to be minimal. Similarly, although we have no direct data, the role of efflux systems, such as mar (7) or the AcrAB system of E. coli (21) , which have been shown to play a role in ␤-lactam resistance, also is likely to be minimal in this isolate, since the isolate remained susceptible to tetracycline and fluoroquinolones, drugs known to be extruded by efflux systems (7, 21) . The differences in the porin profiles of E. aerogenes 810 when grown in the presence and absence of imipenem were striking and suggest that the regulation of porin expression could make detection of imipenem or meropenem resistance difficult in the clinical laboratory. Our data and the data published by Bornet et al. (3) and Chevalier et al. (6) suggest that the incidence of carbapenem resistance in E. aerogenes may well increase as the use of carbapenems increases (10) and that a constellation of mechanisms, including carbapenemases, efflux systems, and enhanced AmpC production rather than a single mechanism will be responsible.
